Arabidopsis Landsberg erecta is one of the most popular ecotypes and is used widely for both molecular and genetic studies. It harbors the erecta (er) mutation, which confers a compact inflorescence, blunt fruits, and short petioles. We have identified five er mutant alleles from ecotypes Columbia and Wassilewskija. Phenotypic characterization of the mutant alleles suggests a role for the ER gene in regulating the shape of organs orlginating f" the shoot apical meristem. We cloned the ER gene, and here, we report that it encades a putative receptor protein klnase. The deduced ER protein contains a cytoplasmic protein kinase catalytic domain, a transmembrane region, and an extracellular domain consisting of leucine-rich repeats, which are thought to interact with other macromolecules. Our results suggest that cell-cell communication mediated by a receptor kinase has an important role in plant morphogenesis.
INTRODUCTION
The form of higher plants is the consequence of the repetitive divisions and subsequent differentiation of the cells produced , by the shoot apical meristem. The shoot apical meristem keeps initiating new organs throughout the life of plants, while maintaining itself as a formative region. Organ primordia are derived from numerous cells that originate from multiple lineages (Szymkowiak and Sussex, 1992) . These cells coordinate their growth patterns to develop determinate organs. Thus, cell-cell signaling is crucial in determining organ shape.
The molecular nature of these signals for cell-cell communication is not fully understood. Recent molecular genetic studies using Antirrhinum and maize have, however, identified genes that potentially mediate cell-cell communication. Mosaic analyses using the maize leaf mutants Teopd, Rough sheath, and Knotted indicate that the gene products may act non-cell autonomously (Sinha and Hake, 1990; Dudley and Poethig, 1993; Becraft and Freeling, 1994) . KNOTTED may be able to move from mesophyll (L2) cells, which express KNOT-TED, to the epidermal (Ll) cells, which do not express KNOTTED (Jackson et al., 1994) . In Antirrhinum, a mosaic analysis of floricaula has also shown that it can act non-cell autonomously To whom correspondence should be addressed. Current address: Osborn Memorial Laboratories, Department of Biology, Yal e University, 165 Prospect Street, New Haven, CT 06520-8104.
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Current address: U.S. Department of Agriculture, in the floral meristem (Carpenter and Coen, 1995; Hantke et al., 1995) . It is not known how Tkpod, Rough sheeth, or Horicaula signal to the surrounding cells to coordinate organogenesis.
We have taken a genetic approach to determine the mechanism specifying organ shape. At the vegetative stage, an Arabidopsis shoot apical meristem produces leaves and axillary meristem. Upon entering the reproductive stage, the shoot apical meristem converts into the inflorescence meristem, which then produces floral meristems. In the typical rosette plant Arabidopsis, a transition from vegetative to reproductive development accompanies the elongation of the inflorescence stalk (i.e., bolting). Generation of floral buds and subsequent elongation of the internodes seem tightly coupled, thus producing a highly ordered branching pattern. We have performed a mutant screen for altered inflorescence branching patterns (Tsukaya et al., 1993; Komeda and Torii, 1994) and isolated five mutations allelic to Landsberg erecfa (Ler) .
Ler is one of the most popular ecotypes of Arabidopsis and has been widely used for both molecular and genetic studies (Hwang et al., 1991; Anderson and Mulligan, 1992) . Ler was isolated from mutagenized seed populations in the 1950s (Rbdei, 1992) . It harbors the erecra (er) mutation and shows an altered organ shape. Ler develops a very compact inflorescence with flowers clustering at the top. Ler plants also display round leaves with short petioles and short and blunt siliques (Rbdei, 1992; Bowman, 1993) . The compact stature of Ler is preferred by genetists, and thus Ler has been used as a wild-type strain to isolate numerous mutants. These include mutants in photomorphogenesis, phytohormone biosynthesis and signal transduction, and flower organ identity. Many such mutants have been characterized, despite the fact that no one knew the nature of the er mutation.
As an initial step toward understanding the molecular mechanism regulating the specific organ shape, we isolated the ER gene. The ER gene encodes a putative receptor protein kinase with an extracellular ligand binding domain, implicating the existence of an intercellular signal transduction pathway that is required for proper development of organs derived from the shoot meristem.
RESULTS

Phenotypes of er Mutants
We isolated new mutant alleles at an er locus from ecotypes Columbia (Col) and Wassilewskija (WS). Plants homozygous for all ef alleles show significantly mmpact inflorescences compared with those of the wild types ( Figure 1A ). lnflorescence stems are thicker in plants homozygous for er alleles when compared with the wild types (data not shown). It seems that the short and thick inflorescence stem phenotype makes ef mutants "erect." Flower buds are clustered at the top of the inflorescence in plants homozygous for each ef allele without affecting phyllotaxis (Figure 2) . Moreover, the number of flower buds at the first flowering was increased in ef mutants (see the legend to Figure 2) . Thus, the er mutation may somehow affect the coordination of stem elongation and flower bud formation. The number of lateral inflorescences was not altered in plants homozygous for all er alleles, suggesting that the er mutation may not affect apical dominance (data not shown). Siliques are blunt, short, and wider in plants homozygous for all er alleles (Figures lC, lD, and 3) . Because flowers of ef and wild-type plants are similar (Figure 2) , it is likely that the er mutation affects the elongation of carpels after fertilization. ef mutants also have very short pedicels compared with those of the wild types ( Figure 16 ).
Leaf morphology is varied in plants homozygous for each er allele (data not shown). Ler has round leaves with a short petiole, as previously described (Redei, 1992; Bowman, 1993) . Leaves of ef-702 are small and curly, and these traits cosegregate with the other phenotypes described above (data not shown). In contrast, leaves of ef-707 and ef-704 seem less affected by the mutations, and leaves of ef-703 are almost indistinguishable from those of the wild types (data not shown). The leaves of er-707kr-702 heterozygous plants display an intermediate phenotype (data not shown). No difference was observed in roots of wild-type plants and er mutants (data not shown). From these observations, a corresponding wild-type ER gene is likely to be required for proper elongation of various organs of shoot meristem origin.
Precise phenotypic analysis revealed the degree of severity among ef alleles ( Figures 1A to 1D ). er-702 plants are the most compact (Figure lA) , having the shortest petioles ( Figure 16 ) and the shortest and widest siliques ( Figures 1C and 1D ). Thus, we conclude that this is the most severe allele. In contrast, er-703 plants are taller (Figure lA) , having long siliques (Figure 1C ) of the same width as those of the wild types ( Figure  1D ). Therefore, ef-703 seems to be the weak allele. The severity of the ef-707, ef-703, ef-705, and Ler alleles seems to be approximately the same ( Figures 1A to lD) , except that Ler plants tend to have longer pedicels (Figure 16 ).
Molecular Identification of the ER Locus and Defects in the er Alleles
The ef-704 allele, generated by T-DNA insertional mutagenesis, was used to isolate the ER gene. Initially, ef-704 harbored two independent T-DNA insertions. We backcrossed ef-704 twice into wild-type Col and obtained a line that has a single T-DNA insertion. Genetic analyses indicated that the insertion is tightly linked to the er locus (data not shown). By using the T-DNA as a probe, DNA get blot analysis revealed a complex insertion of 2.5 T-DNA copies with left borders at both genomic DNA junctions (data not shown). By using the pBR322-derived replication origin and ampicillin-resistance marker present in this portion of the T-DNA, both genomic junctions were recovered separately by plasmid rescue ( Figure 4A ). They showed a polymorphism between ef-704 and the WS wild type ( Figure 48 ) and hybridized with six of eight yeast artificial chromosome clones (namely, EGlD5, EG2A1, EGPBl, EGlOA10, EGlOH3, and EG16C6), which contain the GPA7 locus, an Arabidopsis G protein a subunit gene located within 1 centimorgan of the er locus (data not shown) (Ma et al., 1990; Hwang et al., 1991; Hwang and Goodman, 1995) . Two independent transcripts of 3.3 and 0.6 kb were found within the 13-kb region used to screen the cDNA library (Figure 4A) . RNA gel blot analysis revealed the absence of the 3.3-kb transcript in ef-704 and ef-705, whereas the expression leve1 of the 0.6-kb transcript was not affected in these alleles (data not shown), suggesting that the 3.3-kb transcript is most likely the ER transcript.
Six cDNA clones corresponding to the 3.3-kb transcript were isolated from an Arabidopsis Col cDNA library. The longest cDNA is 3176 bp and contains a single open reading frame of 976 amino acid residues with a calculated molecular mass of 107.3 kD ( Figure 5 ). The presence of an in-frame stop codon upstream of the first ATG confirmed that this is the initiation codon. Comparison of genomic and cDNA sequences revealed the presence of 26 introns (Figures 5 and 6A) . Comparison of cDNA and plasmid-rescued DNA revealed that the T-DNA was inserted in the 5'untranslated region ( Figure 5 ). The T-DNA insertion was associated with the deletion of 28 nucleotides, from -6 to +22 of the S'terminus of the full-length ER cDNA ( Figure 5 ), suggesting that the transcriptional initiation point was deleted. ef-705 was generated by fast-neutron irradiation and was therefore expected to result from a gross DMA rearrangement. We performed DNA gel blot analysis with er-105 ( Figure 4C ) and found that ~4 kb of DNA of unknown origin is inserted within the ER locus ( Figures 4A and 4C ). A precise polymerase chain reaction analysis determined the region of insertion between +5 and +1056 after the first ATC for translation in the genomic sequence (data not shown). Molecular defects in the er-104 and er-105 alleles are consistent with the absence of the transcripts ( Figure 7A ). None of the other er alleles or Ler showed polymorphism with wild-type Col or WS when their genomic DNA was analyzed by DNA gel blotting (data not shown). The ER gene is most likely a single copy ( Figure 4C ).
To confirm further that we had cloned the ER gene, two additional alleles were characterized at the molecular level. Ethylmethane sulfonate-generated er-103 has a G-to-A transversion at position +846, which changes amino acid 282 from methionine to isoleucine (Figures 6A and 6B) . In Ler, a T-to-A transversion at position +2249 was found, and this change results in a substitution of lysine for isoleucine at amino acid 750 ( Figures 6A and 6C ). Ler also contains two silent mutations (T-to-C transversion at positions +1389 and +1608), which are most likely due to the polymorphism between Col and Ler ecotypes.
The ER Gene Encodes a Putative Receptor Protein Kinase with a Ligand Binding Domain
The deduced amino acid sequence of ER shows characteristics of a transmembrane receptor protein kinase with distinct domains (Figures 6A to 6C) . Two hydrophobic domains are present at the N terminus (amino acids 1 to 20) and between amino acids 580 and 602 ( Figures 5 and 6A ). These are consistent with a signal peptide and a transmembrane domain, respectively (Weinstein et al., 1982; von Heijne, 1983 ). The C-terminal cytoplasmic region (amino acids 648 to 914) comprises a putative catalytic domain of protein kinase (Figures 5 and 6C) (Hanks and Quinn, 1991) . A putative extracellular domain (amino acids 75 to 530) contains 20 tandem copies of a 24-amino acid leucine-rich repeat (LRR) (Figures 5 and  66 ). These repeats have been implicated to play a role in protein-protein interactions (Kobe and Deisenhofer, 1994) . Each unit of the LRR is encoded by identically sized exons, and introns of similar sizes are present at the exact same position, between the second and third nucleotides of the codon for leucine at position 13 (underlined) in the consensus P**LG-*L**L"L*L**N*L*G*I (asterisks represent nonconserved amino acids) (Figures 5 and 6B) . Thus, this domain has most likely evolved by exon duplication. The mutation in er-103 occurs in a consensus position of the LRR, changing methionine to isoleucine ( Figures 6A and 6B ). Both amino acids are similar, but the latter lacks sulfur. Thus, the mutation may alter the structure of the LRR domain slightly, possibly affecting the receptor-ligand interaction and resulting in the weak phenotype. The presence of 15 N-glycosylation sites (Asn-X-SerrThr) ( Figure 5 ) suggests that ER is a glycosylated protein.
The protein kinase domain of ER has all 11 conserved subdomains of eukaryotic protein kinases and all invariant amino acid residues in their proper positions (Hanks and Quinn, 1991) . This domain of ER is most closely related to the predicted receptor-like protein kinases (RLKs) in higher plants: maize ZmPK1 (36% identity; Walker and Zhang, 1990) , Brassica SRK6 (32% identity; Stein et al., 1991) , and Arabidopsis TMK1 (35% identity; Chang et al., 1992) and RLKS (40% identity; Walker, 1993 ). ER appears to fall into the serine/threonine class of protein kinases, because it contains diagnostic sequences of this family (subdomain Vlb and VIII) (Hanks and Quinn, 1991) , and SRK6, TMK1, and RLKS are demonstrated to have serine/threonine substrate specificity (Chang et al., 1992; Stein and Nasrallah, 1993; Horn and Walker, 1994) . A point mutation in Ler changes isoleucine, a highly conserved amino acid LTGLHYFDVRHN3LTCSIPETIGNCTAFQV 340 (B) DNA gel blot analysis using plasm id-rescued fragments as a probe c*^**™^**™.*^™^^ "" revealed a polymorphism between wild-type WS (wt) and a T-DNA- residue at subdomain Via, into lysine ( Figure 6C ). Nine of 10 previously reported plant RLKs have isoleucine at this position (Walker, 1994) . One exception, TMK1, has leucine, which is similar to isoleucine ( Figure 6C ) (Chang et al., 1992 .. , 1994) . Asterisks designate nonconserved amino acids, and dashes designate gaps. (C) Homology alignments of the cytoplasmic kinase domain of ER with the kinase domains of ZmPKl (Walker and Zhang, 1990) . SRK6 (Stein et al., 1991) , TMKl (Chang et al., 1992) , and RLK5 (Walker, 1993) , the four receptor-like protein kinases in plants. Highly conserved residues identical to those in ER (more than three of four) are indicated by black boxes. The positions of 11 protein kinase subdomains (Hanks and Quinn, 1991) are indicated by Roman numerals, and the invariant amino acids (Hanks and Quinn, 1991) are indicated by asterisks. Dashes designate gaps. The mutation observed in Ler is indicated above the altered residue, amino acid 750.
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This result is consistent with the DNA gel blot analysis in which those four alleles displayed the exact same pattern as those of wild-type Col and WS (data not shown). ER was expressed at the highest level in young floral buds, including inflorescence meristems (i.e., bud clusters), at high levels in flowers and siliques, and at lower levels in stems, rosette leaves, and cauline leaves; no expression was observed in roots ( Figure 7B ). This expression pattern is consistent with the phenotype conferred by er. ER transcripts are more abundant in younger leaves than in mature rosette leaves ( Figure  76 ), suggesting that ER may be involved in the cell expansion process during leaf formation. 
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The ER Gene Is Most Highly Expressed at or around the Shoot Meristem
The expression of ER transcripts was analyzed for different er alleles and in the major plant organs by RNA gel blot analysis ( Figures 7A and 7B) . As previously described, no detectable transcript of any size was observed in er-104 and er-105 (Figure 7A) . In er-104, T-DNA was inserted at the 5' untranslated region by deleting 28 nucleotides, which possibly include a transcriptional initiation point. Therefore, the gene may not be transcribed. In er-105, ~4 kb of DNA of unknown origin was inserted within the ER locus ( Figures 4A and 4C) ; consequently, the transcript may be unstable. A transcript of normal size was detected in RNA gel blots from the other four er alleles, including two point mutation alleles er-103 and Ler ( Figure 7A ).
DISCUSSION
All of the five er alleles that we have isolated from Col and WS ecotypes showed phenotypes similar to that conferred by Ler, although a precise analysis showed the different degrees of severity (Figures 1 and 2) . er plants have very short inflorescence stems, siliques, and pedicels (Figure 1 ). However, it is unlikely that ER participates in the general process of cell elongation for the following reasons. First, the er mutation affects not only elongation of the organs. Regarding inflorescence development, the er mutation seems to alter the timing of stem elongation and flower bud formation; as a consequence, flowers and flower buds are clustered at the top of the inflorescence (Figure 2) . Such an alteration in inflorescence architecture is not observed in cell elongation mutants, such as dwarf and auxin resistant2 (Bowman, 1993) . Second, the defects of the er mutation are restricted to the above-ground portion of the plants and are most conspicuous in inflorescence stems and siliques. Third, ER transcripts are not uniformly expressed throughout the plants. The expression is highest at or around the apical meristem and is absent in roots ( Figure  7B ). These observations led us to presume that ER plays a role in coordination of cell growth patterns within the organ primordia initiated from the shoot apical meristem.
The predicted structure of ER supports the hypothesis that ER participates in the coordination of cell growth patterns. The ER gene encodes a putative transmembrane receptor protein kinase with extracellular ligand binding domain ( Figures 6A  to 6C ). This strongly suggests that ER participates in intercellular signal transduction, perhaps through interaction with extracellular ligands that activate the intracellular kinase domain. In plants, several transmembrane RLKs have been identified (reviewed in Walker, 1994) . Based on the structural similarity of the extracellular domains, they are classified into three groups, namely, the S domain, epidermal growth factor-like domain, and LRR domain (reviewed in Walker, 1994) . None of these domains has been shown to function as a receptor, nor have their ligands been identified. The S domain was originally found in self-incompatibility locus glycoproteins (SLGs) in Brassica. The physical linkage of S domain RLKs and SLGs in Brassica suggests that they function as a pair in the self-incompatibility recognition between pollen and stigma (Stein et al., 1991) . TMKl and RLK5 have been reported as receptor-like serine/ threonine protein kinases of Arabidopsis with extracellular LRR domains, although their biological functions are unknown (Chang et al., 1992; Walker, 1993) .
LRR motifs are found in a variety of proteins with diverse functions and are thought to be involved in protein-protein interactions (Kobe and Deisenhofer, 1994) . Extracellular LRRs are found in numerous transmembrane and membraneattached proteins. Functionally, they are classified into two groups. One group contains severa1 families of signal transduction receptors. The mammalian luteinizing hormone/chorionic gonadotropin (LHICG) receptor and follicle-stimulating hormone (FSH) receptor participate in transmembrane signal transduction of peptide hormones (McFarland et al., 1989; Heckert et al., 1992) . A series of experiments, such as the truncation of the LH/CG receptor and domain swapping between the LHlCG receptor and the FSH receptor, has identified the extracellular LRR domain as a specific binding site for peptidic hormones (Braun et al., 1991) . The human Trk tyrosine kinase receptor is encoded by a proto-oncogene that has both an extracellular LRR domain and a cytoplasmic kinase domain (Schneider and Schweiger, 1991) . In plants, the tomato disease resistance gene Cf-9 encodes a membrane-anchored glycoprotein with an extracellular LRR motif, which is most likely the receptor domain for the Av19 peptide, the fungus avirulence gene product (Jones et al., 1994) .
The second group contains adhesive proteins. Human GPlb, a receptor for the von Willebrand factor, mediates the adhesion of platelets (Lopez et al., 1987 (Lopez et al., ,1988 . The role of the LRR domain in adhesion is suggested because the polypeptide fragment of GPlb containing LRR binds to the von Willebrand factor (Handa et al., 1986; Titani et al., 1987) . DrosophilaToll, chaoptin, and connectin have extracellular LRRs, and their functions are required to orient cells during development (Hashimoto et al., 1988; Reinke et al., 1988; van Vactor et al., 1988; Nose et al., 1992) . The ectopic expression of Toll, chaoptin, and connectin in Drosophila culture cells causes cell aggregation (Keith and Gay, 1990; Krantz and Zipursky, 1990; Nose et al., 1992) . These experiments have demonstrated that they are indeed cell adhesion molecules. Toll protein also has a signaling role in the establishment of dorsal-ventral polarity in the Drosophila embryo via the interaction with a soluble extracellular ligand, a processed form of the Spatzle protein (Schneider et al., 1994) . Thus, there may be LRR proteins that have both signaling and adhesive functions.
Considering the structural analogies of ER to mammalian receptors and cell adhesion molecules, it is not unreasonable to speculate that ER has afunction similar to that of its animal counterparts. The first possibility is that ER mediates a signal from the apical meristem, perhaps by binding to a hypothetical peptidic ligand, which is analogous to animal growth factos. Alternatively, ER may directly promote cell membrane-cell wall attachment and regulate cell shapes. The adhesion of animal cells is mediated by the interaction of plasma membrane receptors, collectively named integrins, and a family of extracellular matrix glycoproteins that include the von Willebrand factor, fibronectins, and vitronectins (Schindler et al., 1989) . A previous study using soybean cells suggested that an analogous system is involved in cell membranecell wall attachment in plants (Schindler et al., 1989) . It is intriguing that ER shares asimilar LRR motif with a receptor for thevon Willebrand factor (Lopez et al., 1987 (Lopez et al., , 1988 .
Whatever the case may be, a cytoplasmic kinase domain in ER suggests the presence of a target molecule phosphorylated by ER. Protein phosphatase (designated KAPP, a -kinase-associated type 2C grotein ghosphatase) was identified by interaction cloning with RLK5. RLK5 and KAPP associate in a phosphorylation-dependent manner (Stone et al., 1994) . It is possible that ER also transduces signals via association with protein phosphatase, because ER shares high similarity with RLK5 in both the extracellular LRR and cytoplasmic kinase domain. The highest expression of ER transcripts in bud clusters (Figure 76 ) suggests that the major site of interaction of ER with an unidentified ligand is at or around the shoot meristem, although we still do not know about the posttranscriptional regulation of ER. This interaction may regulate the subsequent development of organs, such as leaves derived from a vegetative meristem, stems derived from an inflorescence meristem, and siliques derived from a floral meristem.
The gene structure of ER provides clues to the evolution of the LRR domain. In the sequences encoding all20 LRRs of ER, introns are present at the exact same position, between the second and third nucleotide coding leucine at position 13 (underlined) for the consensus P**LG'L**L*'C'L**N*L"G*l (asterisks represent nonconserved amino acids) (Figures 5 and  66) . Interestingly, eight of the 10 LRRs of the mammalian LH/GC and the FSH receptors and two of 10 LRRs of the sea anemone G protein-coupled receptor are disrupted by the introns at the homologous position, again between the second and third nucleotide for the leucine at position 14 (underlined) of their consensus P**AF**L"*L**C'L**N*L**I (Heckert et al., 1992; Tsai-Morris et al., 1992; Nothacker and Grimmelikhuijzen, 1993) . The consistent and repeated location of introns in ER and in genes encoding animal receptors has implications for LRR evolution. First, the LRR motif may have evolved by exon duplication. Second, a single LRR unit may be the ancestral form for both the animal and plant kingdoms. The presence of an intron in a single LRR-encoding sequence could provide an opportunity to truncate the LRR domain, possibly by alternative splicing, to change the specificity for the particular ligand. The alternative splicing has been observed in the rat LH/CG receptor and the sea anemone receptor (Koo et al., 1991; Aatsinki et al., 1992; Nothacker and Grimmelikhuijzen, 1993) . To date, there is no evidence for alternative splicing of ER transcripts.
In this study, we have shown that ER encodes a putative transmembrane receptor kinase that regulates organ shape. T-DNA-transformed Arabidopsis lines in the WS ecotype by Agrobacterium tumefaciens-mediated plant transformation based on the method of Chang et al. (1994) . The transformation vector was pGDW32 and is described by Wing et al. (1989) . Screening was performed based on the phenotype of inflorescence. Mutant alleles were backcrossed twice into wild-lype Col before the experiments described here. Genetic analysis confirmed asingle recessive nature of the mutations that are allelic to Landsberg erecta (Ler) (data not shown). Plants were grown under continuous light.
Scanning Electron Microscopy
Samples were fixed in FAA (50% ethanol, 3.7% formaldehyde, and 5% acetic acid) overnight at 4% and dehydrated through a graded ethanol series. Samples were critica1 point dried with liquid COn, mounted, sputter coated with gold, and viewed in a scanning electron microscope (model HCP-2; Hitachi, Tokyo, Japan). lsolation of the ER Gene Plant DNA was isolated by using the cetyltrimethylammonium bromide method (Watson and Thompson, 1986) , and yeast DNA was isolated as described by Ausubel et al. (1989) . An Arabidopsis Col hYES cDNA library (a gift of J. Mulligan and R. Davis, Department of Biochemistry, Stanford University, Stanford, CA) was screened to isolate the ER gene. Initially, 375,000 plaques were screened by using Hindlll fragments of the rescued plasmids (6Ea and 6Xc) as probes. Five clones corresponding to the 0.6-kb transcripts and one partial clone (2.4 kb) corresponding to the 3.3-kb transcripts were isolated. In vivo excision of DNA was performed according to Elledge et al. (1991) . Another 375,000 plaques were screened by using a partial ER clone (EcoRI digests of pKUT100; insert size of 2.4 kb) as a probe. Five additional clones were isolated, and one of them (3.2 kb) encoded a single open reading frame. To isolate wild-type genomic clones, a P1 library (Liu et al., 1995) was screened by using the EcoRl-Xbal fragments of the rescued plasmids 6Ea and 6XC as probes (designated L and R, respectively; see Figure 4A ). One clone (61H10) hybridized with both probes, and another (28D7) hybridized only with the R probe. The 3.8-kb region of overlap between these two clones included the 0.6-kb transcript coding region as well as the 5'end of the 33kb transcript coding region. lsolated cDNAs and two Xbal fragments of P1 genomic clone 61H10
were subcloned into pBluescriptll SK+ (Stratagene) for sequencing. Sequencing was performed using a Taq Dye Primer Cycle sequencing kit (Applied Biosystems, Foster City, CA) on an automated DNA sequencer (model373A; Applied Biosystems). Sequencing of cDNA and genome P1 clones revealed a nucleotide base substitution within the ER coding region, which does not affect the amino acid sequence (data not shown). This is likely due to the difference of the population of plants used to construct the cDNA and genome P1 libraries, even though they are both designated as ecotype Col. For DNA gel blot analysis, plant and yeast genomic DNAs were digested with appropriate restriction enzymes, separated on 0.7% agarose gels, and alkali-blotted onto Hybond N+ membrane (Amersham, Arlington Heights, IL). DNA gel blot hybridizations under stringent conditions were performed as recommended by the manufacturer (Amersham). DNA probes were random prime-labeled with phosphorus-32 dCTP by a BcaBEST labeling kit (TaKaRa, Kyoto, Japan).
lsolation of the er Gene from Ler and Sequencing of er Alleles
The Arabidopsis Ler hzAPll cDNA library (a gift of K. Goto, lnstitute of Chemical Research, Kyoto University, Kyoto, Japan) was used to isolate the mutant er gene. Approximately 250,000 plaques were screened, and two partial clones (1.9 and 1.7 kb) were isolated. Purified phage were excised in vivo, according to the manufacturer's instruction (Stratagene), and generated plasmids (pKUT170 and pKUT180) were subcloned and sequenced. Alternatively, total RNA was isolated from aerial parts of Ler and er-703, and cDNA was synthesized using a first-strand cDNA synthesis kit (Amersham). First-strand cDNA was used as a template for the polymerase chain reaction to amplify the er cDNA for 40 cycles at 93% for 1 min, 54OC for 2 min, and 70% for 1.5 min with Takara Taq (TaKaRa). Sequencing was performed with the Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems).
RNA Gel Blot Analysis
Total RNA was prepared by a general SDS-phenol method, with modifications as follows. After LiCl precipitation, RNA samples were dissolved in TE (10 mM Tris, 1 mM EDTA, pH 8.0) containing 0.3 M sodium acetate, stored at 0% for 25 min, and centrifuged. lsopropanol (O5 volume) was added to the supernatants, and total RNA was obtained as a precipitate. These steps effectively eliminated polysaccharides, especially in samples from roots and siliques. RNA was denatured by glyoxal; electrophoresis, transfer of RNA to nylon membranes (GeneScreen Plus; Du Pont), and hybridization under stringent conditions were performed as recommended by the manufacturer. ER cDNA (EcoRI fragment of pKUT16O) was random prime-labeled with phosphorus-32 by a BcaBEST labeling kit and used as a probe. An insert from a clone containing pea 18s rDNA sequences (Jorgenson et al., 1987) was used as a control.
